A method called "Abundance Tomography" to derive the abundance distribution in supernova ejecta using observed and synthetic spectra is presented and applied to the normal Type Ia Supernova SN 2002bo. A Monte Carlo code is modified to include abundance stratification, and is used to compute synthetic spectra at 13 epochs during the photospheric phase, starting 13 days before B maximum. A detailed abundance distribution above 7600 km s −1 is thus obtained. Abundances in deeper layers, down to zero velocity, are obtained from models of two spectra in the nebular phase. A total 56 Ni mass of 0.52 M ⊙ is derived for SN 2002bo. The abundance distribution obtained from the tomography is used to compute a synthetic bolometric light curve, providing an independent check. The result is in very good agreement with the observed light curve, confirming the power of the method. In particular, the fast rise of the observed light curve is reproduced very well. This fast rise is due to outward mixing of 56 Ni, which is clearly well described by the "Abundance Tomography" method. Evidence for high-velocity intermediate-mass elements ( 18, 000 km s −1 ) was found, most clearly in Si ii 6355Å, Ca ii H&K, and in the Ca ii IR triplet. Carbon lines are not seen at any velocity, with possible implications on the progenitor/explosion scenario.
INTRODUCTION
It is widely agreed that type Ia supernovae (SNe Ia) result from the thermonuclear disruption of a white dwarf (WD) composed of carbon and oxygen. Two possible configurations are usually discussed to describe the progenitor system. (1) In the single degenerate scenario the WD accretes mass from an evolved companion star until it reaches the Chandrasekhar limit (≈ 1.4 M⊙). Carbon burning is then triggered by compressional heating near the centre of the WD evolving into a thermonuclear runaway after some thousands of years of quiet burning (Iben & Tutukov 1984; Webbink 1984; Woosley, Wunsch & Kuhlen 2004) . (2) In the double degenerate scenario, two low-mass WDs in a close binary system lose angular momentum owing to the emission of gravitational radiation, and this leads to the merging of the two objects, with a total mass exceeding the Chandrasekhar mass (Whelan & Iben 1973; Nomoto 1982; Han & Podsiadlowski 2004) . Potential progenitor systems for both types have been detected but their number is far too low to explain the frequency of occurrence of SNe Ia (Cappellaro, Evans & Turatto 1999) .
In both cases ignition occurs near the centre and a subsonic (deflagration) wave, often called a "flame", travels outwards burning parts of the WD to nuclear statistical equilibrium (NSE). Unlike detonations, the subsonic speed of the deflagration front prevents the WD from being burned to NSE entirely. Partial burning of C/O material allows the production of intermediate mass elements (IME) like Si, S, Mg and Ca. These dominate the spectra of SNe Ia in the early phase. There is still no agreement about whether the explosion happens as a pure subsonic deflagration that becomes strongly turbulent (Nomoto, Thielemann & Yokoi 1984; Woosley, Axelrod & Weaver 1984; Niemeyer & Hillebrandt 1995; Reinecke, Hillebrandt & Niemeyer 2002) or whether there is a transition to a supersonic detonation (Deflagration Detonation Transition (DDT), Khokhlov 1991; Woosley & Weaver 1994) . Only the prompt detonation mechanism (Arnett 1969 ) is agreed to be inconsistent with SNe Ia spectra, as it fails to produce sufficient amounts of IME. Recent 3D deflagration models leave a significant amount of unburned material in the outer regions of the ejecta and at low velocities (Gamezo et al. 2003 ; Reinecke et al. 1999; Travaglio et al. 2004) . Furthermore, the models may produce slightly too little radioactive 56 Ni. This may affect the light curve of SNe Ia, which is powered by 56 Ni through the energy released in the decay chain to stable 56 Fe via 56 Co. Delayed detonation models (Höflich & Khokhlov 1996; Iwamoto et al. 1999 ) describe better the abundances of Fe group elements and IME at high velocities since in the detonation phase the burning process is boosted and outer regions of the envelope are partially or even completely burned to heavier elements. These models also have the flexibility to produce different amounts of 56 Ni and IME, but this depends on the ad-hoc assumption of the time and position of occurrence of the transition from a deflagration to a detonation. The apparent predictability and homogeneity of SNe Ia, together with their brightness has motivated their use as standardisable cosmological candles (Perlmutter et al. 1999; Riess et al. 1998) .
Even though significant progress has been made in recent years, many of the properties of SNe Ia remain largely uncertain. There is a need for understanding both the processes and physical properties of SNe Ia in general and the peculiarities and special properties of individual objects. Moreover, it is crucial that theories of progenitor systems, numerical models of the explosion and observations are linked. This link is provided by spectra of the early or socalled photospheric epoch, i.e. the phase from the explosion until a few days after maximum light. Appropriate models of these spectra not only yield information about the physical properties of the SN ejecta such as temperature, chemical composition, etc., but they also can be used to verify observationally based estimates of parameters such as reddening, distance and epoch. In this phase the spectra are in fact very sensitive to small changes in these parameters. Even a slight increase in e.g. luminosity can strongly affect the temperature structure and therefore the ionisation of the various elements contained in the ejecta. This in turn influences line profiles and line ratios, affecting the emergent spectrum. Additionally, these models serve as a powerful tool to test the results of numerical models of the explosion.
In particular, very early observations, covering the first week after the explosion, are of great importance in this context. At these epochs the ejecta at velocities 18, 000 km s −1 are dense enough to produce spectral lines. Therefore it is possible to derive information about the material at the surface of the WD. Also, it may be possible to detect signatures of an interaction between the SN ejecta and the circumstellar gas or winds from the WD or the companion star, thus shedding light on the progenitor system's properties. Clearly, these observations are very hard to come by, since they can only be obtained if the supernova is discovered very early on.
In this paper we analyse the spectra and light curve of SN 2002bo in some detail. The analysis is based on data that were obtained by the European Research Training Network (RTN) on "The Physics of Type Ia Supernova Explosions", also called the European Supernova Collaboration (ESC). This collaboration has the aim to study a sample of very nearby supernovae by means of very good time series of multi-wavelength observations and detailed models. SN 2002bo was their first target (Benetti et al. 2004) .
In Section 2 the observational campaign of SN 2002bo is presented with focus on the early time spectra that are an- alyzed in this paper. The method of the analysis, a brief description of the code that is used to calculate the models, and the procedure of "Abundance Tomography" are discussed in Section 3. Detailed information about the modelling of the photospheric epoch spectra is given in Section 4, whereas Section 5 treats the nebular spectra modelling. The resulting abundance distribution of SN 2002bo from the centre out to velocities of about 40, 000 km s −1 is presented and discussed in Section 6. A comparison of line velocities with other objects is made in Section 7. Finally, in Section 8 the synthetic light curve calculated on the basis of the derived abundance distribution is presented and discussed.
OBSERVATIONS
SN 2002bo was discovered independently by Cacella and Hirose (Cacella et al. 2002) on March 9.08 UT and March 9.505. It is located in NGC 3190 at a distance modulus µ = 31.67 (Benetti et al. 2004 , H0 = 65 km s −1 Mpc −1 ). 13 different telescopes and instruments of the ESC were involved in the photometric and spectral observations between ∼ 13 days prior to the estimated epoch of B maximum and 368 days after. It was rather complicated to combine the measurements from so many various instruments to achieve a consistent picture of the spectral evolution of SN 2002bo. Nevertheless, observations provide us with an excellent set of 21 optical spectra, 13 of which also include near-infrared wavelenghts, as well as 11 infrared spectra throughout the entire photospheric period until well into the nebular phase. Table 1 summarizes the optical and near-infrared spectra actually used for modelling. At some epochs multiple observations were carried out and the best one is picked as explained in Section 4. Benetti et al. (2004) quote a value for the extinction E(B − V ) obs = 0.43 ± 0.10. However, a parameter study carried out with synthetic spectra and also presented in Benetti et al. (2004) indicates a lower value for the reddening. The highest value that is acceptable from the parameter study is E(B − V ) mod = 0.38. This is used for the calculations in this paper. This value lies well within the error range of E(B − V ) obs . Observations suggested a B-band risetime of 17.9 ± 0.5 d, a decline rate ∆m15(B) = 1.13 ± 0.05, and a dereddened MB = −19.41 ± 0.42, making SN 2002bo a typical "Branch normal" SNe Ia (Branch, Fisher & Nugent 1993) . However, comparison with other SNe Ia reveals peculiarities of SN 2002bo e.g. with respect to line velocities. These topics are addressed later in this paper. Further details about all observational issues can be found in Benetti et al. (2004) .
MODEL CALCULATIONS
Model calculations in the photospheric epoch are based on a Monte Carlo (MC) code originally developed by Abbott & Lucy (1985) to treat multiline radiation transfer in stellar winds. The code was then further developed and adapted to the physics of SNe. A detailed description of the structure of the code can be found in , Lucy (1999), and Mazzali (2000) . Here we give only a brief explanation of the basic ideas and focus on recent improvements.
Model supernova envelope
In order to set up a model supernova envelope some physical assumptions are introduced and input parameters are defined. The density (versus velocity) is given by the underlying explosion model. The emergent luminosity L, the epoch texp (time since explosion) and the estimated velocity of the photosphere v ph together with the chemical composition complete the set of adjustable quantities. The line list compiled by Kurucz & Bell (1995) which contains several million lines has been adopted to this code, i.e. very weak lines have been deleted, in order to make the handling more manageable. Together with some minor additions of more recent data this results in a final list comprising ∼ 500, 000 lines. The new treatment of the composition is explained in Section 3.5.
The physical conditions are assumed to remain constant during one calculation. This assumption is justified by the fact that the photons that are emitted deep in the ejecta have a much larger diffusion time than the characteristic time of the physical conditions and the MC code only deals with photons above the photosphere, where the diffusion time is short. The code divides the SN envelope into a number of shells whose thickness increases as a function of radius. We adopt homologous expansion of the ejecta and therefore the velocity v is a continuous function of radius: v = r/t, where r is the radius and t is the time since explosion. The large velocity gradient justifies the adoption of the Sobolev approximation. During the photospheric phase it may be assumed that the energy from the radioactive decay is deposited below a sharply defined radius, the "photosphere" (Schuster-Schwarzschild approximation). Therefore we assume that all the SN optical photons are emitted at this photospheric radius as a black body continuum with a characteristic temperature. Absorptive opacities are ignored above the photosphere.
Temperature stratification and level populations
In order to calculate the ionisation and excitation structure it is necessary to know the temperature structure in the SN envelope. This is calculated iteratively in a series of small MC experiments until convergence is achieved. Using the input parameters L and v ph an effective temperature T ef f is calculated via the formula L = 4πσR 2 ph T 4 ef f . During the first iteration the radiation temperature is set to be equal to the effective temperature in all shells, while Te(r) is always equal to 0.9 TR(r). After each iteration J is derived and an effective dilution factor W is computed from J = W B(T ef f ) and consequently the new radiation temperature is calculated via J = W (σ/π)TR(r)
4 . The converged temperature at the photosphere is called TBB. This value is higher than the T ef f since some photons are reabsorbed in the photosphere, thus increasing the temperature (backwarming effect).
The ionisation structure is determined using a modified nebular approximation , which includes ionisations not only from the ground state but also from excited levels. Additionally, the frequency range is divided into two regions, where the radiation field has different forms. The UV continuum, where most ionisation edges occur, is known from observations to be optically thick. Therefore, the concept of an optically thick continuum at wavelengths shorter than that of the first major ionisation edge (at energy χ0 = hν0) is applied, while longer wavelengths are treated as optically thin. The two different forms of the radiation field are:
and
where b1 is a weighted mean departure coefficient for the ground states of the ions that make the envelope opaque at high frequencies. The radiation field in the optically thin region is thus assumed to have the form of a diluted black body at the local radiation temperature, while in the optically thick continuum it is the locally emitted (W = 1) black body, whose shape is determined by Te, with depleted photon density when b1 > 1. Populations of metastable levels are treated separately from those for which spontaneous decay is permitted. Abbott & Lucy (1985) showed that if metastable levels are coupled to the ground states only through higher levels via photoexcitations or through the continuum via photoionisations, the populations deviates only marginally from the Boltzmann distribution, which can be taken as a good approximation.
Excited states are considered that can interact with the ground state or with a metastable level via a single permitted transition. These levels are relatively low lying and the population of these levels is therefore taken to be
where the subscript 1 refers either to the ground state or to a metastable level, whichever is appropriate. Neglecting coupling to neighbouring transitions and using the solution in the narrow-line limit (Castor 1970; Lucy 1971) , J 1ℓ can be eliminated from Eq. 3 and it is obtained
where TR is the radiation temperature, and ξ is a complicated factor involving geometrical, kinematical, and opticaldepth terms (Lucy 1971) .
Radiative transfer and emergent spectrum
When all input parameters are collected and the temperature structure is determined the real MC experiment starts. Photons that are emitted at the photosphere are sampled into packets with equal energy. The energy packets are then released into the SN atmosphere, where they can interact with electrons and atoms. Line opacities τ ℓ and electron scattering opacities τe are compared to a randomly generated opacity τR, in order to decide whether the packet will undergo electron scattering or a line absorption before leaving the shell it is located in. The advantage of the MC treatment is that lines are dealt with a sequence of increasing λ, as the packet is redshifting relative to the expansion of the ejecta. This naturally avoids the complication of explicitly dealing with line blanketing. If a packet leaves the shell, a new random direction cosine µ and opacity τR are chosen. Interactions with electrons are treated as scattering. If a photon is absorbed by a line, all possible transitions from the upper level down to lower levels u → l are considered. Relative rates for the transitions are computed based on probability and each transition is assigned a weight proportional to its effective downward rate (i.e. correcting for photon trapping). Since the MC procedure does not allow for photon splitting (nor for the inverse process of photon combination), one of the downward transitions is chosen randomly but according to its assigned weight. Given a sufficiently large number of packets this procedure is statistically correct and could also be solved in NLTE. However, since there is no continuum absorption in the model atmosphere, a NLTE treatment would be of little advantage over the MC procedure but much more time consuming. The random walk of each packet is followed through the ejecta until the packet escapes the envelope or it is absorbed back into the photosphere. The emergent luminosity L∞ is equal to the emitted luminosity at the photosphere L ph . Finally, the emergent spectrum is calculated. Instead of simply binning the escaped photons to their frequency, line and continuum source functions obtained in the branching procedure are computed and via the formal integral the emergent spectrum is obtained (Lucy 1999) .
The modelling procedure
The internal procedure to handle the abundance distribution is explained in detail in Section 3.5. Here we focus on the general approach of calculating synthetic spectra with the MC code.
The density profile is taken from the W7 model (Nomoto et al. 1984) scaled to the given epoch. The remaining input parameters are either given by the observations or need to be fixed iteratively during the computational runs. Depending on the information available on a specific SN, or on whether one intends to perform a parameter study, the number of free parameters changes. For a given SN distance, epoch and reddening E(B − V ) are often known observationally. In a first iteration the photospheric radius is set to reproduce the line velocities in the spectrum and the luminosity to fit the total flux of the observation. In a second iteration the abundance distribution is modified, the starting point of which is usually the W7 distribution. The chemical composition for each model is again adapted iteratively to the particular spectrum.
With this input, models are calculated individually to fit the observed spectra. However, if the spectra are taken in rapid succession (every 2 days or less) later epochs can be constrained by earlier ones. The input parameters v ph and L ph must evolve smoothly. This must be ensured manually, and depends on the accurate calibration of the spectra. The abundances on the other hand, which are derived from each spectrum above its photosphere, are constrained in a more natural manner. As explained in detail in Section 3.5 the abundances at the velocities immediately above the photosphere of each epoch are fixed. This limits the freedom for the following epoch to regions of lower velocity.
Abundance distribution
Several analyses proved the ability of the MC code to deal with the physics of different kinds of SNe Ia (e.g. SN 1990N, Mazzali et al. (1993 ) or SN 1991T, Mazzali, Danziger & Turatto (1995 ). Nevertheless, there are some shortcomings. For example, the approximation that the inner boundary is the photospheric radius becomes less valid as the SN expands and it fails at epochs later than ≈ 10 d after maximum light. Another shortcoming of a previous version of the code was the use of homogenous abundances. Lines are formed throughout the entire ejecta. However, most of the line formation occurs in a rather narrow region (≈ 2000 km s −1 ) just above the photospheric radius. Because of the steep decline of the density with increasing radius (ρ ∝ v −7 for the W7 model (Nomoto et al. 1984) ), shells further out do not contain enough material to absorb radiation significantly. But density is not the only factor that controls line formation. Temperature has great impact on the ionisation structure, and therefore on the line absorption. For example, since the temperature is higher in the inner part of the SN envelope, more highly ionised species dominate the composition. Strong lines of e.g. Si iii or Fe iii are the consequence, if the abundances of these species are enhanced in the model in order to reproduce the typically deep absorption features of Si ii and Fe ii.
In order to address these issues, a stratified abundance distribution has been implemented in the MC code. An additional shell structure is set up where the shell boundaries are given by the photospheric radii of the observed spectra. Therefore, the size of the shells is not fixed a priori but is set during the model calculations. As explained in Sec-tion 3.4 this radius is an input parameter which is adapted to the actual situation. The earliest spectrum is always the starting point. A homogenous abundance distribution above this first photosphere may be assumed, or a number of supplementary shells (typically 3) may be introduced at velocities above the photosphere. An optimal model is then computed and its chemical composition as well as the velocities of the boundaries of the abundance shells are stored. At the epoch of the next spectrum in the time series of the object the photospheric velocity has decreased. The SN envelope has expanded, the density has become lower between the two epochs at a fixed velocity and therefore light is detected that had been emitted from deeper in the ejecta. Although the physical conditions (density, temperature, etc.) have changed in our previously considered shells, the relative abundances are unchanged, except for the radioactive elements 56 Ni, 56 Co and the stable end product 56 Fe, for which the intervening decay is taken into account. Consequently, only one new abundance shell is introduced, with boundaries given by the two photospheric velocities of the previous and the present model, while the abundances in the outer shells are kept constant. The abundances in the new shell are then set so as to achieve the best fit for the new spectrum.
This procedure is carried out until all spectra of the photospheric phase are modelled, giving an abundance profile of the object. The details and the amount of information that can be derived from such an "Abundance Tomography" clearly depends on the number of spectra that are available, and on the size of the time steps between each of them. Physical conditions in the first 8 -10 days after the explosion change very rapidly compared to later epochs and information about the progenitor and possible interaction with circumstellar environment is contained in the outermost layers of the SN ejecta. Therefore, high-quality Abundance Tomography can be achieved if many very early observations are available, while a high frequency of observations near maximum light is less necessary.
SPECTRAL ANALYSIS
Observations of SN 2002bo provide us with an excellent set of 17 optical spectra, 8 of which extend to the near-infrared, and 2 infrared spectra, covering the period from −12.9 d until +5.9 d relative to B maximum. Therefore, both conditions for the optimal application of the "Abundance Tomography" procedure, a closely meshed spectral sequence and very early epochs, are fulfilled.
The two infrared spectra were already discussed in Benetti et al. (2004) and are not included in this work. For three of the epochs, multiple observations at different telescopes were carried out. On day −4 there are even three spectra available. Two of these (−4.1 and −3.9) are analysed, while the observation at −4.0 days was not, for reasons discussed in Section 4.8. For day −2 and day −1 the spectrum with larger wavelength coverage and better resolution is included. In this section the analysis of each individual spectrum that was modelled is presented in chronological order.
General parameters that apply for all spectra are the distance, µ = 31.67, the individual epochs, which we de- rived from a bolometric risetime of 18 d, and the reddening, E(B − V )tot = 0.38 as discussed in Section 2 and taken from Benetti et al. (2004) . Table 2 summarises the individual input parameters and the converged temperature at the photosphere TBB obtained from the analysis for each spectrum, respectively.
Day -12.9
The first spectrum in the sequence was taken 12.9 days before maximum light, which corresponds to an epoch of texp = 5.1 d. This is one of the earliest SNe Ia spectra ever taken. The luminosity that is radiated at the photosphere is log10L = 42.04 (erg s −1 ) at a photospheric radius v ph = 15, 800 km s −1 . Such a high velocity is necessary in order to achieve a low effective temperature (T ef f = 7540 K). Fig. 1 shows the observed spectrum together with the best fit model.
The most prominent lines are labelled (note all lines are labelled with their rest wavelength). Several deep absorptions dominate the spectrum. Most of them are present throughout the entire photospheric phase. These are marked and identified in the spectra. The bluest feature, near 3700Å, is the Ca ii H&K doublet (3934Å & 3968Å) followed near 4200Å by Mg ii 4481Å. The next absorption feature to the red (∼ 5000Å) is a combination of several Fe ii lines (4924Å, 5018Å, 5169Å) and two Si ii lines (5041Å & 5056Å). Next, at ∼ 5300Å, is the S ii complex (most prominent are 5454Å, 5606Å), followed at ∼ 5700Å by the weaker Si ii feature (5958Å, 5979Å) and by the stronger Si ii lines (6347Å, 6371Å) at ∼ 6000Å. The near-infrared (NIR) region is dominated by a composed feature of O i (7774Å), Si ii (7849Å) and Mg ii (7877Å & 7896Å) near 7500Å, and by the Ca ii IR triplet (8498Å, 8542Å, 8662Å) at ∼ 8000Å. Further to red another strong Mg ii feature (9218Å, 9244Å) is detected. Since there is only one optical spectrum that extends to these wavelengths (day +0.1) lines beyond the Ca ii IR triplet are subject of the infrared analysis and are not followed here. One immediately notices the flat overall shape of the spectrum, which is indicative of a low temperature, There are two line signatures that restrict the temperature to the regime of ∼ 7500 K. First the depth of the absorption at around 5640Å which is due to a blend of S ii lines. These lines disappear if the photospheric velocity is decreased because if the temperature rises S is ionised to S iii. Secondly, the ratio of the two Si ii lines at 5970Å and 6355Å is a reliable temperature indicator. The smaller the ratio the hotter the environment (Nugent et al. 1995) . SN 2002bo shows a large ratio at this epoch, which indicates a low temperature. This is not surprising, since the SN is still relatively dim at this epoch, and the ejecta are dense, leading to a high photospheric velocity and consequently a low temperature, which will increase with time. Comparing the model with the observations may suggest an even lower temperature since the synthetic spectrum under-reproduces the 5970Å line but over-reproduces the 6355Å line. However, trying to achieve this by further increasing the radius causes other problems. First, a lower temperature leads to an additional shift of the flux to the NIR region, which is not seen in the data. Second, the density drops rapidly below a critical value at higher velocities and there is not enough material above the photosphere to produce the observed lines.
The deep absorption near 4800Å is a mixture of mostly Fe ii and Si ii lines, where the Si lines are concentrated in the blue part (5041Å & 5056Å) and the Fe lines are distributed all over the feature (4924Å, 5018Å and the strongest one at 5169Å). In order to reproduce this feature two "patches" had to be implemented. An additional shell was introduced above 22,700 km s −1 . This shell occupies the complete outer region of the SN ejecta and contains enhanced abundances of Si and Ca at the expense of O. Namely there is 55% of Si and 5.5% of Ca by mass. These abundances are necessary to reproduce the blue wings of the lines of these elements. The shell between 15,800 km s −1 and 22,700 km s
contains remarkably high abundances of IME and Fe group elements. Both shells contain 1.5% stable Fe, 1.13% of radioactive components ( 56 Ni, 56 Co, 56 Fe) and 0.02% of Ti and Cr. The S abundance remains constant at 6% in both shells while Si decreases to 30% and Ca to 0.32% in the inner shell.
The feature at ∼ 4200Å is mostly Mg at this epoch and requires a high abundance of this element. Both outer shells consist of 30% Mg in order to give the Mg ii line at 4481Å the correct strength. At wavelengths shorter than the Mg feature the observations reach a regime of low signal-tonoise and cannot be trusted completely. Nevertheless, it is important to note that owing to the high abundance of Fe group elements the flux in this region is suppressed almost totally and is transferred to redder wavelengths. The model shows Ca ii H&K, with a strength which is not in contradiction with the data. SN 2002bo shows no sign of C, even at high velocities. In the previous paper (Benetti et al. 2004 ) the IR part was also modelled and analysed looking for C lines. From this analysis we can set an upper limit for the C abundance of 3% restricted to velocities > 25, 000 km s −1 . Since no C is found at later epochs, which would be expected if C was mixed with IME during the burning process and therefore moved to deeper layers, we can conclude that all the C (but not the O) from the white dwarf was burned to IME during the explosion phase.
The main shortcoming of the model is the overestimate of the flux beyond the deep Si ii absorption at 6355Å. Since the epoch of this spectrum is so early that the assumption of a photospheric radius should be essentially correct, it is possible that data calibration may be the reason for the mismatch of the flux. One can see from Fig. 1 that the relevant region (6200Å -7700Å) is close to the edge of the observation. This makes it usually difficult in the data reduction when aligning the different wavebands to each other. Since models of other SNe Ia at this early phase do not suffer from this problem, but are less reddened than SN 2002bo, one may be tempted to blame the high extinction. A lower reddening would mean that a lower luminosity has to be applied in order to reproduce the peaks in the optical and UV part of the spectrum, because these regions are mostly affected by extinction. However, observational results clearly indicate that E(B − V )tot > 0.33, which is still too large to solve the problem. A value E(B − V )tot 0.25 is needed to improve the situation significantly. Furthermore, such a low value would have a large impact on the entire physical conditions and would lead to a better model only at this particular epoch, at the expense of consistency while calculating models at later times. Hence, this alternative explanation can also be rejected.
Day -12.0
The following spectrum was taken one night after the first one at an epoch of texp = 6.0 d. The best fit model is shown in Fig. 2a . The photosphere moved inwards in velocity space by 300 km s −1 with respect to the previous epoch and is now located at v ph = 15, 500 km s −1 . The luminosity is log10L = 42.31 (erg s −1 ), bringing T ef f to 8150 K. Although the evolution is quite minor it can be seen that the overall shape of the observed spectrum becomes somewhat steeper, i.e. the peaks in the U -and V -bands are higher with respect to those in the V -and I-bands. The temperature of the spectrum, as indicated by the Si ii line ratio, has changed only marginally, whereas the model temperature has increased by ∼ 500 K. This leads to a smaller Si ii line ratio in the model. The somewhat less absorption in Si ii 4130Å with respect to the observation is due to the strong re-emission of the Ca ii H&K line that interferes with the Si ii line.
Almost every synthetic line lacks some blue-wing absorption. This is best seen in the Si ii lines as well as in Ca ii H&K, Mg ii and Fe ii. The most prominent effect in this context is shown by the Fe ii-Si ii feature at ∼ 4600Å, but it is also seen in Si ii 6355 and 5970Å, and Mg ii 4481Å. Although the Si abundance in the outer regions is enhanced (s. 4.1) and has an unusually high level near the photosphere (30% by mass), this is still not sufficient to fit the blue wing of this line. The line velocity required to account for the blue absorption is 20, 000 km s −1 . Because of the fast expansion of the ejecta density and therefore also the mass dropped by almost a factor of 2 in this high velocity region since the previous spectrum. Hence, the contribution of this region to the line formation is of minor importance and cannot account for the deep absorption seen in the observation.
There is still a discrepancy in flux at red wavelengths between the model and observations. However, the difference is much smaller compared to the previous model, which supports the comments made in Section 4.1.
Day -11.0
The next spectrum of SN 2002bo was observed one day later (texp = 7.0 d). The luminosity has increased by almost a factor of 2 with respect to the previous epoch to log10L = 42.54 (erg s −1 ). A high luminosity is necessary to get enough flux in the blue part of the spectrum, also because of the high reddening. Here the temperature has risen to T ef f = 8750 K. The photosphere has receded inwards by 400 km s −1 to v ph = 15, 100 km s −1 . A jump in velocity of ∼ 500 km s −1 d −1 compensates for the expansion of the SN envelope and keeps the effective radius at a roughly constant value. These two effects combine to increase the temperature and the ionisation. The effective temperature T ef f increases from 8150 K to 8750 K between day −12.0 and day −11.0, as shown by the spectrum in Fig. 2b . Modelling this spectrum requires a large amount of IME, especially Si, in order to reproduce the deep absorption lines. However, from the photosphere up to ∼ 20, 000 km s −1 more than 99.9% of Si is doubly ionised. Thus, increasing the Si abundance results in Si iii lines appearing which are not seen in the observations, while Si ii lines are saturated near the photosphere and do not become stronger. Outer regions do not contribute since the density is too low. This problem will become more serious at later epochs.
4.4 Day -9.1 Figure 2c shows the spectrum at day −9.1 corresponding to an epoch of texp = 8.9 d. The photosphere is located at 13, 900 km s −1 and the emergent luminosity is log10L = 42.77 (erg s −1 ). The temperature in the model is T ef f = 9230 K. If we consider the Si ii line ratio as our temperature indicator, this must be close to the true value since the two relevant Si ii lines fit the observation very well. The very good match between model and observations in the Si ii line at 4130Å confirms this statement.
The feature at ∼ 4200Å, which was purely made of Mg ii in previous epochs, now contains a remarkable fraction of Fe iii 4420Å. Not only in the 4200Å line is Fe iii taking over, but Fe is now doubly ionised over almost the entire envelope. In contrast, the broad absorption feature near 4800Å appears too weak in the model. The increase of Si iii and Fe iii at the expense of the singly ionised species leads to insufficient line strengths of Fe ii and Si ii.
The shape of the synthetic Ca ii H&K line suggests a lack of high velocity Ca. The depth of both absorption and emission of this feature is correctly reproduced. However, some absorption in the blue wing is missing. Also the strong Si ii line at 6355Å obviously lacks some high velocity absorption. The abundances cannot be increased without exceeding reasonable values and they are constrained anyway by the previous epochs. New ideas have to be invoked to overcome this problem. An increased density in the outermost regions of the SN ejecta is a possible solution. This enhancement could be explained by circumstellar interaction. We will come back to this later in the discussion of the results in Section 9. At day −8.0 (texp = 10.1 d, see Fig. 2d ) the photosphere has reached a velocity of 12, 900 km s −1 . The effective temperature stays almost constant compared to the previous model (T ef f = 9390 K), the luminosity is increased to log10L = 42.84 (erg s −1 ). This spectrum is of special interest, because it is the first one in the sequence that covers the Ca ii IR triplet at ∼ 8000Å. This makes the lack of blue absorption more evident. The line appears overall somewhat weaker in the model, but the most obvious difference can be recognized in the blue wing. Again, this problem cannot be overcome by increasing the Ca abundance near the photosphere, which again suggests an increased density at high velocities. A similar behaviour can be seen in the deep absorption at ∼ 7400Å. This is a combination of strong Mg ii lines (7877Å & 7896Å) and weaker O i (7772Å) and Si ii (7849Å) lines. The Mg part may be a little bit overestimated whilst the left wing of the line is missing. This is partially due to the low O abundance, but also to the weakness of the high velocity Si absorption. The same effect is seen, less dramatically, with time in the Si ii lines at 6355Å, 5970Å and 5056Å.
The Si iii line at ∼ 4567Å, which was previously visible in the model at day −11, starts to appear in the observations. This suggests a rise in temperature and a higher fraction of doubly ionised species. resulting in T ef f = 9860 K, 470 K higher than in the previous epoch. This affects the ionisation and leads to a higher fraction of doubly ionised species. Therefore the Si iii feature at ∼ 4565Å is stronger and the line Si ii line at 5970Å is weaker. Several S ii lines are present between 5000Å and 5400Å. The absorption near 5300Å is weaker in the model than in the observations. This is a known problem from previous analyses of SNe Ia. It may arise from a shortcoming in the atomic line list containing some insufficiently explored gf -values of the S ii lines. At about this epoch first signs of the inadequacy of the Schuster-Schwarzschild approximation become evident. The energy input is delivered by thermalised γ-rays originating from the radioactive decay chain 56 Ni → 56 Co → 56 Fe. Since most of 56 Ni is located deep in the SN ejecta it is safe to state in the very early phase that all the energy is produced well below the model photosphere. However, as time goes on and the photosphere penetrates deeper into the envelope, the transition region from the optically thin to the optically thick regime becomes more and more diffuse. Therefore, some of the energy comes from layers above the photospheric radius. Consequently, some model blue photons are emitted too deep compared to reality, and tend to doubly ionise elements resulting for example in rather strong Si iii lines. The opposite happens for red photons, many of which are emitted too far out, at a low temperature, and with too much flux. In reality, they originate from much deeper layers than assumed, but escape easily because of the low opacity in the red. This leads to an overestimated flux in the red part of the model spectrum.
Day -4.1
The spectrum at day −4.1 (Fig. 2f ) was taken 13.9 d after the explosion. This observation extends well to short wavelengths down to 3200Å. The absorption at the blue edge of the spectrum is a combination of a large number of Ni ii, Co ii, Co iii, Ti ii, Cr ii and Cr iii lines which cannot be distinguished unambiguously. The model was computed with log10L = 43.04 (erg s −1 ), v ph = 10, 400 km s −1 , and it reaches T ef f = 10, 040 K.
The model matches the observation very well in this region. This shows the ability of the MC method to treat line blanketing. Deviations of the model from the observation in other regions of the spectrum are due to (1) rather strong lines of Si iii (∼ 4600Å & 5740Å). This suggests that the temperature may be a bit on the high side. (2) Missing opacity at high velocities (v 18, 000 km s −1 ) leads to insufficient absorption in the blue wings of several lines, most prominently Si ii at 6355Å and the Mg ii dominated feature at ∼ 7400Å. (3) The problem with S ii was previously discussed in Section 4.6.
Day -4.0 and day -3.9
The two spectra at day −4.0 and day −3.9 were observed with a time difference of only 45 minutes at two different telescopes. Since the later spectrum, taken with the Nordic Optical Telescope (NOT), has better resolution (RNOT = 14Å) than the Asiago one (RA1.82 = 25Å) and extends to longer wavelengths only the NOT spectrum is shown in Fig. 3a . This model has an epoch of texp = 14.1 d, photospheric radius v ph = 10, 200 km s −1 , luminosity log10L = 43.05 (erg s −1 ) and T ef f = 10, 080 K. Although this spectrum was observed shortly after the one on day −4.1 (∆t = 4.8 h), the day −3.9 spectrum is significantly bluer than the previous one. This may be due to a calibration effect since the two spectra were observed with different telescopes. The exact value of the colour evolution ∆(B − V ) cannot be stated here because no photometry is available for the epoch of the WHT spectrum and only a B-band measurement for the epoch of the Asiago spectrum. The models for both spectra have the same chemical composition and differ only marginally in luminosity (∆ log10L = 0.01 (erg s −1 )) and photospheric radius (∆ v ph = 200 km s −1 ). Both models fail to reproduce the bright blue peaks. This may be due to the black body distribution placing too much flux in the red (Sect. 4.6). The very rapid colour evolution may also indicate inconsistencies in the flux calibration. The 7896Å Mg ii-dominated line exhibits too much low-velocity absorption, and so does the Ca ii IR triplet. However, the high velocity blue wing of the absorption is missing. This made it difficult to homogenise the spectra because of individual filter functions, response functions of the CCD chips, etc. As mentioned in Section 2 many different telescopes contributed to the data set. The relative flux in the core of the Si ii line varies with respect to the red part, confirming this. Problems also arise from the model calculation since the photospheric approximation becomes more and more questionable. The model of day −3.1 (i.e. texp = 15.0 d) is shown in Fig. 3b . The luminosity log10L = 43.08 (erg s −1 ) increases in slower steps compared to very early epochs since the light curve approaches its peak, and so does the radius (v ph = 9900 km s −1 ). Consequently, the temperature at the photosphere (T ef f = 10, 090 K) rises only slightly compared to the previous epoch.
The SN has brightened by ∼ 10% in the near-UV part of the spectrum over ∼ 0.9 d while the red part remained almost constant. In order to fit the depth of the absorption line of the 6355Å Si ii feature a high Si abundance is necessary. This, however, leads to an overshoot of the re-emission of this line, which may also be affected by the lower boundary. The high temperature makes the Si ii line ratio too small and Si iii line absorptions too strong.
Day -2.1
The spectrum at day −2.1, shown in Fig. 3c , was taken at an epoch of texp = 15.9 d. The luminosity (log10L = 43.09 (erg s −1 )) increased only slightly with respect to the previous epoch (∆ log10L = 0.01 (erg s −1 )). The photospheric radius receded to 9200 km s −1 . Constant luminosity but decreasing radius means a higher temperature, T ef f = 10, 210 K. This increase in temperature promotes deep Si iii absorptions while the 4129Å Si ii line becomes weaker. However, the observed spectrum becomes hotter, too. The Si ii line ratio is small at this epoch and can be reproduced very well by the model. The relative depth of the Mg ii line near 7500Å is now correctly reproduced, but Ca ii IR triplet is too strong. Note both lines lack blue absorption.
Day -1.0
The last spectrum before maximum light was taken at an epoch of texp = 17.0 d (Fig. 3d) . The photospheric velocity v ph recedes to 8600 km s −1 . The bolometric luminosity reaches its maximum at this epoch, log10L = 43.10 (erg s −1 ) one day before the epoch of B maximum. The temperature also reaches its maximum, at a value of 10, 250 K. Both the day −2.1 and the day −1.0 spectra look qualitatively very similar, but the latter is slightly bluer if we consider the two peaks with shortest wavelengths. Unfortunately, only B-band photometry is available. A blend of Co iii, Fe iii and some weaker S iii lines produce the deep absorption feature near 4200Å. The abundances of these elements may be slightly too high but cannot be reduced without negative influence on the overall shape of the model.
Day +0.1
The maximum light spectrum is shown in Fig. 3e . An epoch of 18.1 days is assumed for this spectrum, which is the only one that extends beyond 9000Å. The photospheric velocity has decreased to 8100 km s −1 , and the bolometric luminosity has already begun to decline at log10L = 43.09 (erg s −1 ). The expansion and the declining luminosity reduce the temperature to T ef f = 10, 200 K.
A weak absorption near 9100Å is possibly Si iii 9324Å. The depth of the Ca ii IR triplet relative to the continuum is reproduced very well, and only the blue wing of the line is missing. The 7877, 7896Å Mg ii feature is blended by a telluric O2 line. Si ii lines are reproduced very accurately at this epoch. However, the high temperature leads to significant Si iii lines at various places in the spectrum. The observed spectrum exhibits a much stronger peak ∼ 3600Å than the previous one. The somewhat erratic relative behaviour of the blue and the red part of the spectrum suggests that, although there certainly are weaknesses in the code owing to the black body approximation, there are also inconsistencies in the data calibration.
Day +5.9
The last model in the sequence of early time spectra that can be treated with the pre-maximum MC code is from day +5.9 corresponding to an epoch of 24.0 d. The photospheric radius is v ph = 7600 km s −1 . Although the epoch is several days after maximum, the luminosity has decreased only slightly (log10L = 43.08 (erg s −1 )) while the temperature has dropped significantly (T ef f = 9100 K) as a consequence of the expansion of the SN ejecta. This spectrum explores sufficiently deep layers that the derived abundance distribution overlaps with that from the models of the nebular phase (Section 5).
The observed spectrum consists of two distinct parts, as can be seen in Fig. 3f . This cuts into the S ii feature, which appears to be blended, making it difficult to tell wether the high emission near 5500Å is real and wether the relative flux level of the two parts is correct. Despite the inadequacy of the photospheric assumption at this epoch the model delivers the correct overall flux distribution and reproduces almost all of the lines.
NEBULAR PHASE
The photospheric epoch coverage of SN 2002bo ends at day +6. This is only ∼ 24 days after the explosion, and the photosphere at this epoch has receded to ∼ 7600 km s −1 . It is therefore not possible to extend the tomography experiment to lower velocities using the MC code. In any case, the code becomes less and less applicable at advanced postmaximum epochs, as the photospheric approximation becomes rapidly inadequate. There is, however, an alternative approach that makes it possible to investigate the properties of the inner part of the ejecta. That is modelling the spectra in the so-called nebular phase, when the ejecta are completely transparent. Models applicable to this epoch have been developed, and applied to various types of SNe (e.g. Mazzali et al. (2001b) ). These models follow the energy deposition and heating by the γ-rays and the positrons from the radioactive decay of 56 Ni and 56 Co, and the ensuing cooling via forbidden line emission. We have extended our previous, one-zone model also to treat abundance stratification in one dimension. The γ-ray deposition is treated in a Monte Carlo approach (see Cappellaro et al. (1997) ), while the nebular emission is computed in NLTE. A code that treats stratified abundances can be used to obtain accurate modelling of the emission line profiles, and hence to derive the abundance distribution in the SN ejecta.
In addition to the spectra of the photospheric phase we have available two nebular spectra taken on (Tab. 1) Dec. 11th, 2002 and March 26th, 2003 (e.g. 282 and 386 days after the estimated explosion epoch, respectively). The spectra were reduced following standard IRAF 1 routines. Extractions were weighted by the variance based on the data values and a Poisson/CCD model using the gain and read noise parameters. The background to either side of the SN signal was fitted with a low order polynomial and then subtracted. Flux calibration was performed by means of spectrophotometric standard stars.
We have adopted a W7 density profile, and fixed the abundances in the outer part of the ejecta according to the result of the photospheric epoch study above. In modelling the nebular spectra we then only had the freedom to choose the abundances below 7600 km s −1 . We computed a model for the day +263 spectrum, which is shown in Fig. 4a . The total 56 Ni mass derived is 0.50 M⊙. This makes SN 2002bo an average SN Ia. The model reproduces the observed spectrum very well if the abundance of 56 Ni at velocities below 7600 km s −1 is increased above the values estimated from the photospheric epoch study at higher velocities. However, the 56 Ni abundance does not exceed 0.62 by mass in regions between 4000 and 7000 km s −1 . This is due to significant mixing out of 58 Ni, which is necessary to reproduce the early-time spectra. Further inwards, the 56 Ni abundance decreases, as expected.
If it contains mostly
56 Ni the Fe-line emission becomes too strong. There is, however, Fe emission at the lowest velocities, indicating the presence of significant amounts of stable Fe (∼ 0.30 M⊙ at v < 5000 km s −1 ). Stable Fe must be excited by (mostly) γ-rays and (almost negligibly) positrons emitted locally in the regions where both 56 Ni and 56 Fe are present, and at higher velocity layers and propagating inwards for the central Fe. Spectroscopically, we are unable to distinguish between 54 Fe and 56 Fe. Both isotopes are the result of burning to NSE, but under slightly different densities. The abundance distribution is plotted later.
Our results imply that a total ∼ 0.80 M⊙ are burned to NSE. The 58 Ni abundance is low. Synthetic spectra for the later epoch (day +368) computed using the same abundance distribution nicely confirm these results (Fig. 4b) .
We do not see any significant change of the line profiles or width over time, neither in the data nor in the models.
ABUNDANCE TOMOGRAPHY
Modelling of all spectra, both of the photospheric and the nebular phase, delivers the abundance distribution of the entire ejecta. The relative abundances by mass of each element that could be detected in the spectra as a function of radius in velocity space is shown in Fig. 5a . The velocity of each step above 7600 km s −1 is determined as the photospheric radius of the particular spectrum. Therefore, the distance between two abundance shells is determined by the time gap between two consecutive spectra. An additional shell above 22, 700 km s −1 is inserted in order to account for high velocity material. Below 7600 km s −1 , where the abundances are derived from the nebular spectra, the radii of the shells are given by the density shells of the underlying W7 model. It is impossible to distinguish spectroscopically between different isotopes. Hence, the total sum of all possible isotopes is meant when discussing numbers in this paper unless an isotope is explicitly addressed. Since the abundance tomography covers the entire SN envelope the total mass of each element can be calculated. These values are listed in Table 3 . Nomoto et al. (1984) b Iwamoto et al. (1999) c Travaglio et al. (2004) Since the WD is composed of C and O these two elements represent the unburned material in the SN ejecta. Their abundances indicate how far the burning process penetrated into the outer layers. Interestingly, no sign of C can be confirmed by the spectral analysis of SN 2002bo. The most prominent C lines in the optical and NIR wavelength bands are C ii 6579Å and C ii 7231Å. Both lines can be detected neither at early times, which means at high velocities, nor at later epochs and therefore at lower velocities. In Benetti et al. (2004) models of the optical spectra suggest an upper limit of 3% on the C abundance at epoch of −12.9 d. An additional check was then performed by looking for C i lines in the IR. Since this new work confirms the previous result for the outer region and no evidence for C lines is found at later times, the upper limit of C is set to 3% above 15, 800 km s −1 , which corresponds to a total mass of 1.6 × 10 −3 M⊙. The other unburned element is O. Therefore rather high abundance in the outer layers and decreasing abundance towards lower velocities is expected to be found. Indeed, O dominates the zone between 15, 800 km s −1 and 22, 700 km s −1 . Going deeper the abundance first decreases and then stays constant at a value of 15% until day −1.0 (v ph = 8600 km s −1 ). Shortly after maximum light the O abundance drops and no O can be found below 6230 km s −1 . Altogether we find 0.11 M⊙ of O in SN 2002bo. The reason why Si dominates over O in the outermost regions is due to the high Si abundance that can only be achieved on the expense of another element. We will come back to this issue later in this section.
The group of partially burned species involves Na, Mg, Si, S and Ca. Except for Na, they all show rather high abundances at high velocities. Na itself is located above the Fe core and extends to ∼ 8500 km s −1 , which corresponds to the typical photospheric radius near maximum light. In this object the five shells between 3060 km s −1 and 7600 km s −1 contain 0.1% of Na, respectively. The total mass is 6.0 × 10 −4 M⊙.
Mg is one of the enhanced IME in SN 2002bo. A total mass of 0.079 M⊙ is derived from the abundance tomography. The bulk of it is concentrated on high velocities above ∼ 15, 000 km s −1 , which corresponds to a relative abundance by mass between 23% and 30%. This is necessary in order to fit the deep absorption feature in the early phase at 4481Å as discussed in Section 4. Below ∼ 15, 000 km s −1 the Mg abundance decreases steadily and no Mg is detected below 7320 km s −1 . The Si abundance exhibits a similar behaviour as Mg. However, the high velocity component is even more pronounced. The outermost shell above 22, 700 km s −1 contains 52% of Si in order to account for the blue wing absorption of the various Si ii features. Since all abundances of each shell have to sum up to 100% individually, the increase of Si is done on the expense of another element. In the case of SN 2002bo not only C is burned completely to heavier elements but also a significant fraction of O. Therefore, higher Si abundance in the outer layers means reduced O abundance. Between 22, 700 km s −1 and 11, 450 km s −1 the abundance shells contain ∼ 30% which is a typical value at these epochs although still on the high side. Deeper in the ejecta Si stays at ∼ 15% down to 6230 km s −1 and then it drops rapidly until it disappears below 4100 km s −1 . Integrating over the entire range a total mass of 0.022 M⊙ is derived.
The S abundance goes with the Si but on a lower level and it does not exhibit the rise in the outermost shell. Following the S abundance distribution from outside in it starts at 6%, increases to ∼ 13% at intermediate velocities (12, 900 − 10, 200 km s −1 ), decreases to ∼ 6% before it disappears at 6230 km s −1 . The total mass is 0.067 M⊙. Ca completes the set of IME that can be detected in SN 2002bo. This element is the best to study high velocity components. As previously discussed in Sect. 4 the Ca ii IR triplet misses significant absorption in its blue wing. We tried to account for this fact by using up to 20% of Ca at intermediate and especially at high velocities. However, even with 100% Ca in the outermost layers it is impossible to fit the blue part of the line. Moreover, the synthetic spectra of the nebular phases do not work with such a high Ca abundance (≈ 0.058 M⊙). Why is the over estimate of the Ca abundance not seen in the photospheric spectra? First of all, only a few spectra in the early phase extend to wavelengths above 7500Å while the others do not show the Ca ii IR triplet. The Ca ii H&K line, which is visible in all spectra, is saturated and therefore rather insensitive to changes in the Ca abundance. Second, the nebular spectra exhibit a strong Ca emission feature due to Ca ii 7291Å and 7324Å, which constrains very well the Ca abundance up to ∼ 10, 000 km s −1 . Therefore a second iteration of the modelling of the early time spectra using a significant lower value for the Ca abundance was investigated. The final result gives a high Ca abundance above 22, 700 km s −1 (5.5%), 0.3% in the next deeper shell and 1% -5.5% in the range between 15, 800 and 7500 km s −1 . It should be noted that no Ca is found below this velocity. In the final version 0.021 M⊙ of Ca is calculated. The problem with the high velocity absorptions cannot be solved by a simple enhancement of the abundances, but scenarios like an increased density in the outer regions of the SN ejecta due to circumstellar interaction may explain reality much better.
For Ti and Cr, which go together with abundance, a total mass of 6.4 × 10 −3 M⊙ is derived. Even in the outer shells a small but observable fraction of this elements (0.04%) are seen. This value increases to 2% at around 10, 500 km s −1 and then drops to 1% before it disappears below 9200 km s −1 . Although no separated lines of the species can be detected in the spectra they are inevitable to block the photons in the UV and blue part and to shift the flux into regions with longer wavelengths. but also extends to the outermost layers. Since Ni is the fuel that powers the light curve it is of great interest to achieve the total Ni mass produced. From the abundance tomography we derive a value of 0.52 M⊙. In Section 8 an alternative method to calculate the Ni mass is presented and the results of the two measurements are discussed.
We also compared the derived abundance distribution of SN 2002bo with various explosion models. Figure 5b shows the distribution of SN 2002bo for the main elements O, Mg, Si, stable Fe isotopes, and 56 Ni versus M (r). For comparison the 1-D deflagration model W7 (Nomoto et al. 1984) is shown in Fig. 5c . It is interesting to see that the radial distribution is very similar in the two plots. The innermost part of the envelope is dominated by stable Fe isotopes followed by a gap of no Fe and an outer layer containing up to ∼ 8% of Fe by relative mass fraction.
56 Ni dominates in the middle part and IME are located more to the outer regions. The outermost part consists mainly of unburned material.
Despite these similarities there are significant differences. In SN 2002bo the abundance pattern is shifted to higher velocities and the regions of Fe group elements, IME, and unburned material are not well separated but mixed. O, Si, and Mg extend to much lower velocities than in the W7 model while 56 Ni and Fe are mixed to the outer regions. Finally, the region above ∼ 1.3 M⊙ remains completely unburned in W7 including more than 40% of C whereas SN 2002bo shows no trace of C and IME as well as Fe group elements are mixed outwards.
Since delayed detonation models burn high velocity regions to IME, they could possibly compare better to the abundance distribution of SN 2002bo. Hence we compared the results from the abundance tomography procedure to different delayed detonation models, namely WDD1, WDD2, WDD3, CDD1, CDD2, and CDD3 taken from Iwamoto et al. (1999) . Indeed, only with minor differences due to the different set ups for the model calculations the distribution of IME in SN 2002bo is represented better by the DD models than by the W7 model. However, O and the Fe group elements show a very different behaviour and for them W7 delivers a much better description. It should be noted that in all cases the W7 density structure is applied for the abundance tomography procedure. In the case of SN 2002bo W7 is the explosion model that fits best to the abundance distribution derived from spectral synthesis calculations. However, simply taking into account the nuclear reactions and neglecting mixing effects it seems very unlikely to achieve a correct description of the abundance distribution. On the other hand it is not possible to constrain different explosion models with the analysis of a single object. The abundance tomography analysis of several objects is in preparation and the results will be presented in upcoming papers.
EXPANSION VELOCITIES
The fact that the velocities of IME line in SN 2002bo are peculiarly high has been mentioned several times. Therefore, it is interesting to see how the velocities of the observed lines compare to the model calculations. Since the line-forming region is located close to the photosphere, the photospheric radius is a good estimate for the expansion velocities of the model line features. The evolution of the photospheric velocity is compared to the expansion velocities of Si ii 6355Å, S ii 5640Å, and Ca ii H&K line as measured from their minima (Benetti et al. 2004) . The comparison of the velocities as a function of time is shown in Fig. 6 .
A decline of the photospheric velocity in the early phases by ≈ 500 km s −1 d −1 was deduced from previous analyses Fig. 6 exhibit a slightly different behaviour than the photosphere. Their velocities decrease more rapidly until day ∼ 8 and at a slower rate afterwards. After maximum light the gradient is very similar to the photospheric one. The S ii line has the lowest expansion velocity. On day −12.0 and −11.0 it is actually lower than the photospheric velocity. Especially on day −11.0 it can be seen that the model absorption is blueshifted with respect to the observation (see Fig. 2a ). After day −9.1 the line velocity lies well above the photosphere.
The Si ii expansion velocity shows a very similar behaviour in the early phase. However, it declines at a slower rate than the S ii line between day −6.1 and maximum light. It is always significantly faster than the photospheric velocity. The observed discrepancy is caused by the strength of the Si ii line, which is formed well above the photosphere. The line is highly saturated near the photosphere and the sensitive region for the line formation lies at higher velocities than the photosphere.
Line velocities of ∼ 25, 000 km s −1 and beyond which are measured for the Ca ii line tell from a even more extreme case. Already at very early epochs the line is almost completely saturated and only the high velocity components contribute to the varying line formation. This means, that Ca ii is clearly detached from the photosphere and alternative explanations have to be considered and taken into account.
BOLOMETRIC LIGHT CURVE
In order to check the validity of our results in an independent manner, we have taken the abundance distribution determined with the tomography experiment, and computed a synthetic bolometric light curve for SN 2002bo, assuming that the density is as given by W7 and using the MC light curve model developed by P.A. Mazzali and presented in Cappellaro et al. (1997) and Mazzali et al. (2001a) . We have compared the results with the bolometric light curve of SN 2002bo presented in Benetti et al. (2004) . The results are shown in Fig. 7 .
Using the abundance distribution determined with the tomography experiment, we obtain a very good description of the light curve, and in particular the rising branch. This is particularly exciting. In fact, the early light curve rise depends mostly on the mixing out of 56 Ni. The light curve model using pure, unmixed W7 abundances ( 56 Ni= 0.5 M⊙) shows a significantly later rise which is in disagreement with the observations (Fig. 7) . In that case, 56 Ni extends only up to ∼ 1.05 M⊙ so that the photons are trapped longer in the SN envelope and the rise of the light curve is delayed. The success of the light curve modelling shows that abundance tomography is a very effective way to explore the properties of the ejecta, especially in the outer layers.
The model is less successful near the peak of the light curve. A slight modification of the abundances, with 56 Ni increasing to about 0.56 M⊙ and stable Fe decreasing accordingly, yields a better fit of this period. This is a small change, which does not affect the essence of our results.
CONCLUSIONS
The method of "Abundance Tomography" was presented in this paper and applied to the SN Ia 2002bo. Modelling a time series of spectra allows us to derive accurately the distribution of abundances in the SN ejecta, from the lowest to the highest velocities, which is an important element in our understanding of the nature of the explosion and the progenitor.
Synthetic spectra for SN 2002bo were computed for 13 spectra during the photospheric phase and 2 in the nebular phase. In the case of SNe Ia, the chemical composition determines essentially all of the observables (spectra and light curve). Thus, knowledge of the abundances and their distributions of many SNe Ia may be able to explain some of the diversities among these objects. SN 2002bo is a typical "Branch normal" SN Ia in many respects (Benetti et al. 2004) . In spite of this normality, the abundance distribution of SN 2002bo exhibits somewhat unusual behaviour. The complete absence of C in the entire ejecta combined with the presence of high-velocity IME may suggest that the Si burning front must have been penetrating far into outer regions. Simple mixing out of IME to high velocities implies the existence of unburned C and O at lower velocities. However, neither is an increased O abundance found deeper in the ejecta, nor is C detected above an upper limit of 1.6 × 10 −3 M⊙. One possibility to produce a situation like that observed in SN 2002bo is multi-dimensional effects. Bubbles of burned material may rise to outer regions while fingers of unburned material sink to deeper layers. Unlike the case of global mixing, the direction from which the observer looks at the SN may be important. In the case of SN 2002bo one of these partially burned bubbles reaching out to high velocities may be in the line of sight, delivering the spectra and abundance distribution we observe. If we had looked from another position we may possibly have seen the missing C and less or no high-velocity components in the lines of IME (see, e.g. Kasen et al. 2004) .
In this context it would interesting to verify whether multi-dimensional effects can account for the observed diversity in SNe Ia beyond the brightness-decline rate relation. Abundance tomography can contribute significantly to this effort if it is applied to more well-observed objects.
Another possibility is a scenario where the configuration prior the explosion affects the spectra. If we saw the interaction of the SN ejecta with circumstellar material, an increased density may give rise to the high velocity components as the result of swept up material far out (see, e.g. Wang et al. 2003) . More investigations and calculations on possible progenitor systems and their configuration after the explosion, as well as the analysis of more objects, have to be carried out to verify this scenario. We would like to thank the Institute for Nuclear Theory at the University of Washington, Seattle, USA. Part of this work only became possible using their great facilities and technical resources.
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